Change in self-consistent-field energy density-functional calculations are reported for Auger and core-level binding-energy shifts in sp-bonded metals. The basic model, atom in jellium vacancy, gives good agreement with experiment, especially in the Auger case. The chemical and relaxation contributions to the shifts are discussed, and the extra-atomic response is analyzed in detail, both in position and energy space. The adequacy of the "excited-atom" approach to the energy shifts is discussed.
I. INTRODUCTION
The kinetic-energy shifts of electrons ejected in core-level photoemission (XPS) and Auger processes between free atoms and condensed phases have been the subject of considerable experimental study. ' These shifts, awhile useful in analytic applications of electron spectroscopy, are interesting in their own right; they characterize the effect on the electronemitting atom of its electronic environment, and thus provide information about the chemical bonding properties of atoms. Of special interest are metallic elements, where the shifts can be substantial. Advances in electron spectroscopy have produced a wealth of data on photoshifts in metallic binding situations. Recent experimental efforts have also made available accurate results for Auger energy shifts between vapor and condensed metallic phases for a number of elements. 2 3 It was realized early on that the kinetic energy shifts reflect the effects of environment via two contributions: (i) the chemical shift in the initial state of the atom in the condensed situation and (ii) the relaxation shift due to the extra-atomic screening of the hole(s) produced in the final state. However, detailed ab initio theoretical studies of the origin and systematics of the shifts are quite scarce. This is understandable as the presence of core hole(s) in the ionized atom breaks the symmetry of the system and makes an ab initio calculation difficult, comparable to an impurity problem. Simplified models for the screening charge have been proposed with variable degree of success. Recently, a semiempirica14 scheme to obtain the metallic photoshifts has been proposed;
it is based on bulk cohesive energies, heats of solution, and atomic ionization energies. The relatively good success of this thermochemical model also for dilute alloys and for Auger processes suggests that its ultimate microscopic explanation would be related to those of the Miedema rules~for alloying. Another line of models is based on the "excitonic" or "excited-atom" approach, where the basic idea is to assign the extra-atomic screening charge to the first unoccupied valence orbitals of the free ion. While such models have provided much insight into deeplevel spectroscopy, especially in the case of transition metals, 9 they are not universally applicable and fail to give good answers or correct trends in cases where the true metallic screening charge is bound to reside outside the outermost valence shell.
In this paper we present results of ab initio calculations of x-re photoemission and Auger energy shifts between free atoms and condensed phases for a number of nontransition metals. The calculations are of (hSCF) change in energy of the self-consistentfield type'0 and we employ the self-consistent spindensity-functional" method; total energy calculations are carried out for each required configuration. For atoms in metals, a model is used which emphasizes the extended nature of the conduction electrons.
The model is closely related to those used by Almbladh and von Barth" and Bryant and Mahan' for x-ray absorption, and by Lang and Williams' for core holes in chemisorbed atoms. Strikingly good agreement with experiment is found, especially in the Auger case, where the shifts are large and have recently ' been accurately obtained in high-temperature vapor-solid experiments. The various contributions to shifts are discussed, both in position and energy space. The results corroborate the idea of the metallic environment of providing a rather structureless source of screening electrons.
The remainder of the paper is organized as follows. In Sec. II we outline the calculational methods. Sec-25 67 %~982 The American Physical Society 25 tion III contains the results, their analysis and comparison with experiment. Section IV contains a short summary and conclusions.
II. METHOD OF CALCULATION
The focus of our attention is the difference between kinetic energies of electrons emitted from free atoms and atoms in metal. It is thus essential to use as identical analytic approaches as is possible in both cases. We perform in each case two calculations of the electron (spin) densities and the total energy; one for the initial and one for the final state. Thus the shift involves four independent total-energy calculations, and the energy differences can be associated with changes in the kinetic energies of the ejected electrons; This b, SCF approach assumes a fully developed screening of the core holes (adiabatic limit), and leaves all questions related to dynamic aspects (line shapes, shakeup, etc.) beyond the scope of the present paper. We merely predict the positions of the leading edges of the main photo-or Auger electron lines.
We are dealing here with many-electron states and consequently questions about proper treatment of exchange and correlation arise. The density-functional theory we shall use is formally justified for the lowest energy state of a specified angular and spin symmetry. " However, there is no formal justification for using the customary local-density approximation for exchange and correlation for (excited) states constrained to have one or more core holes. Nevertheless there is ample empirical evidence for the accuracy of local-density theory in calculations of, say, ionization potentials' or core-level binding energies. "
Our primary concern here are the extra-atomic effects associated with metallic charge transfer and screening; while the local-density approximation does affect the position of any given spectral line, the difference between the energies corresponding to free atoms and atoms in metal is much less sensitive to it. The free-atom and ion calculations were carried out using a nonrelativistic, spin-polarized program. The spin densities and the total energy were obtained by solving the equations (in atomic units t = m = e = 1) ( 2 V + V ff [n+, n, r ])pf( r ) = sf/~( r ), (1) (2) self-consistently.
V,ff consist of the external potential, Hartree electrostatic, and exchange-correlation contribution. The Gunnarsson-Lundqvist" formulas for exchange and correlation were used in the localdensity approximation.
For the case of atoms in metal, the atom-in-jellium-vacancy model' ' was adopted as the basic one; refinements to this (in particular, the spherical solid model" ) were employed, but they turned out to be unnecessary in the sense that they resulted in only minor changes in the shift values (see below).
In the atom-in-jellium-vacancy model the metallic environment of the electron-emitting atom is rnimicked by a uniform background of charge with a spherical cavity in it. The volume of this cavity is equal to the Wigner-Seitz cell volume in the con- In the spherical solid model' features of the discrete lattice potential surrounding the central atom are introduced by including the spherical average of the ion potentials instead of the jellium-vacancy potential. If the host ions are represented by pseudopotentials this is a relatively easy task, and the main effects of lattice discreteness and finite ion core size can be incorporated.
In the calculations of the excited-state energies the appropriate spin-orbital configurations were chosen to be the same for both free atoms and atoms in metal. All charge and spin densities were taken to be spherically symmetric, which amounts to solving the radial equations self-consistently for the relevant spinorbital occupation numbers. For each element six basic calculations were carried out: (i) free-groundstate atom, (ii) ground-state atom-in-metal, (iii) free-atom with one (inner-shell) core hole, (iv) atom-in-metal with one (inner-shell) core hole, (v) free-atom with two (outer-shell) core holes, and (vi) atom-in-metal with two (outer-shell) core holes. In the cases with two core holes, we generally take them to be in relative spin-triplet state.
The kinetic energies of the photoemitted and Auger electrons are obtained from total-energy differences. In an experimental evaluation of the shifts a common reference level must be agreed upon. In the atomic case a natural reference level is the vacuum, whereas for the (grounded) metal sample the Fermi level, below the vacuum level by the 25 EMBEDDED-ATOM CALCULATIONS OF AUGER AND X-RAY. . .
work function Q,
' is the convenient one. The Fermi level is the reference level also in the metallic calculations, since the necessary perfect screening implies the addition of one electron per core hole on the Fermi level. The free-atom-metal shifts for XPS and Auger cases are then (both referenced to the vacuum level)
Above, E denotes total energy and the subscripts refer to the configurations (i) -(vi) explained above.
Lxps is by definition the apparent decrease in corelevel binding energy in going to the condensed situation, while b A"", is the extra kinetic energy obtained in a solid-state or molecular environment.
III. RESULTS
The elements studied, the investigated core-hole configurations, the density parameters r, and the free-electron Fermi energies~F, and the experimental solid-phase work functions are given in Table I . The choice of the elements was influenced by the availability of accurate Auger data. ' Transition metals were avoided since it was felt that the basic model is less adequate for them; this point is further discussed in Sec. IV. Table II lists the values of the core-level binding and Auger energies. %'e estimate the numerical errors in the binding and Auger energies and their free-atom-metal shifts to be less than 0.1 eV for Mg and Al and less than 0.5 eV for Zn and elements Ag through Te. The absolute values of the atomic Auger energies are also given in Table II In order to get some idea about the splitting of the Auger energies and their free-atom-metal shifts due to the various possible initial and final states we consider the effect of fhe flipping a spin. This is the only way to introduce a different "term" in our spherically symmetric model. In the case of free Mg and Ag ions with two core holes the flipping of one hole spin (Mg:2pjj 2pjf, Ag:4djj 4djt) causes the energy to increase by 3.1 eV for Mg and 1.1 eV for Ag. These energy changes are of the same order as the differences between adjacent Auger energy lines in experimental spectra.
For core-hole ions in the jellium vacancy the energy increase in the spin-flip process is the same in magnitude as for free ions. Thus the spectra are quite rigidly shifted when going from free atom to the atom in metal. The important observation concerning the absolute values of the core-level binding and Auger energies is that the discrepancies (typically of the order of a few eV) with experiment, associated with approximations made (in particular, the local-density approximation and the neglect of multiplet structure), are strongly intra-atomic in nature. This means that while the approximations made do affect the position of any given spectral peak, both for the free atom and for the atom in metal, the differences between the ener-25 EMBEDDED-ATOM CALCULATIONS OF AUGER AND X-RAY. . . gies corresponding to the two cases are much less sensitive to them since the intra-atomic errors largely cancel each other. The shifts, which are our principal concern, are brought about by environmental effects. We also note that while the solid environment does change the spectral characteristics, mainly via increased broadening, the shifts in, e.g. , the Auger case are very similar for the various line components corresponding to the same experimental spectrum. This, of course, gives credence to our concentrating on a single "average" orbital configuration with spherical symmetry. The calculated Auger parameters for free atoms and metals, corresponding to the transitions discussed above, are listed in Table V . We notice that the Auger parameters for the metal is about 10 eV smaller than for the free atom. We now proceed to an interpretation and analysis of the results of our calculations. Here we have been influenced by the arguments of Lang and Williams, '4 and we generalize their ideas and extend them to the Auger case. The energy shift b is decomposed into the chemical shift, 4"reflecting the changes in the charge state and chemical environment, and the relaxation shift 4, A=LE, +6,
The two contributions cannot be measured individually, and thus the decomposition is seemingly arbitrary. For applications trying to resolve how an atom is bonded to its neighbors, it is however convenient to define 4, to be a property of the ground state, without any reference to the presence of core hole(s).
The remaining shift is then due to the collective response of the solid to the core hole(s). Following Lang and Williams, ' we define the chemical shift in the XPS case as 5, = s&(atom in metal)e, (free atom) -(eF + Q) cates that charge is transferred towards the nucleus in the condensed phase, which raises the energy levels.
A negative 5, is caused by the charge transfer outwards from the nucleus. The relaxation shifts 4, for XPS processes are positive in all cases and they are almost independent of Z. The relaxation shift is related to the spatial distribution of the screening charge, as we shall discuss below.
In the Auger case the definition of the chemical shift [Eq. (7)] becomes slightly ambiguous, since three different orbitals and corresponding eigenvalues are involved, and the changes in el may differ for these. If we define the chemical shift for Auger process as in Eq. (7), i standing for the state where the initial core hole will be created, the chemical shifts for the Auger transitions considered are the same as for the core levels indicated in Table VI . The Auger relaxation shifts corresponding to this definition are also given in Table VI . They are 2 -3 times the relaxation shifts of the XPS lines.
However, this decomposition to chemica1 and relaxation shifts for the Auger process is somewhat misleading, since it is really the difference in the screening energy between a two-hole and one-hole configuration that is responsible for the relaxation shift. In order to emphasize this, we have also con- 
In the XPS process the extra-atomic screening charge is defined as where the~I ' stand for the density-functional eigenvalues for the (unfilled) initial level, calculated for systems with a core hole. This definition of the chemical shift focuses on the changes of the initial state brought about by environment, before the Auger decay but after the initial ionization. The values of b, ' and the corresponding relaxation shift b "' for the Auger processes are also given in Table VI . Now we see that 6"' = 5,(XPS) while 5, " is now in every case positive and roughly twice 5, '. This is natural since the initial core hole couples more strongly to the environment (the charge transfer towards the nucleus is larger than in the case of a neutral atom in metal; 5, ' "contains" the relaxation shift of a single core hole). 
Above n denotes charge densities and the subscripts refer to the configurations (i) -(vi) discussed in Sec.
II. We have generalized the use of Eq. (9) to the Auger process by defining the corresponding extraatomic screening charge as hnA"",( r ) = [n";( r )n;"( r )] -[n"( r )n;;;( r ) ] 
where SD, SD ', and SD are the induced state densities due to neutral, singly ionized and doubly very surprising, especially if one remembers from ionized atoms, respectively, all embedded in a freeelectron metal. Note that the integrals over the occupied region (0 to sp) over these continuum functions are variable integers, depending on whether the outermost levels are bound for the metallic atom (ion) or not (see Table VIII ). For the fifth-row elements, we see an increasingly strong p component for Ag through Te; the latter is completely dominated by p-wave scattering.
We now investigate the adequacy of the "excitedatom" approach ' to describe the relaxation accompanying a core-hole ion in metallic environment. In the "excited-atom" approach the screened ion in metal is mimicked by transferring one core electron (or two electrons in the final state of the Auger process) to the lowest unoccupied valence orbitaL Following Lang and Williams' we treat the excited atom fully self-consistently.
Especially, we consider extra-atomic screening cloud in the Auger process and the Auger energy shifts for elements Ag through Te. The situation is similar for the XPS process as can be expected from extra-atomic screening-charge densities of Fig. 1 and we do not consider the XPS process here. Figure  4 shows the extra-atomic screening-charge density in the Auger process for Ag, Sn, and Te. The full and dotted curves give the screening charge calculated using the atom-in-jellium-vacancy and the "excited-atom" models, respectively. The former is defined by Eq. (11) and the latter is En'"",(r) =[n";(r)n;"(r)] -[n"(r)n;;;(r)]
where n"'; and n~'"are the charge densities of neutral Fig. 4 , which is formed by unbound valence electrons, becomes important as Z increases. From the energy-space decompositions in Fig. (3) we can conclude that the second hump is due to the plike resonance which appears and grows up in the density of states when moving from Ag towards Te.
In Table IV we list also the values for the Auger shifts for Ag through Te obtained using the "excited-atom" model. These values depend remarkably on the nuclear charge Z; the Auger shift increases from 10.1 to 17.7 eV. This strong dependence on Z is evident also in other calculations for elements Ag through Te which are based on similar "excited-atom" models. ' (11)]. The dotted curve is obtained using the "excitedatom" model t& n~"i«, Eq. (14)).
excited free atoms with one and two core holes, respectively. %e see that in the case of Ag and Sn the "excited-atom" model reproduces rather well the . overall distribution of the extra-atomic screening cloud, especially the hump between r = -1.5 a.u. and I =4 a.u. Of course the "excited-atom" model does not reproduce the Friedel oscillations obtained in atom-in-jellium-vacancy model and when the nuclear charge Z increases it looks like a second hump is growing up from the first maximum of oscillations. For Te the two humps are nearly equal in height and the "excited-atom" model is expected to be inadequate. The formation of a second hump is also seen in extra-atomic screening clouds of atoms chemisorbed on metal surfaces. " Quantitatively the accuracy of the "excited-atom" model is seen by comparing the values of the relaxation shifts obtained from Eq. (9) in Table VII .I The "excited-atom" model reproduces quite accurately the 5, " (Auger) values for Cd, In, and Sn. However, the "excited-atom" model gives an increasing trend and for Sb and especially for Te 4, ' (Auger) obtained in the "excitedatom" model is considerably greater than 6"" (Auger) obtained in atom-in-jellium-vacancy model. The above discussion confirms the notion28 that in the "excited-atom" model the screening of the ion
IV. CONCLUSIONS
The calculations based on ASCF density-functional methods reproduce well the Auger and core-level binding energy shifts for a number of metallic elements. The chemical shifts of neutral ground-state atoms embedded in metal depend on the details of the system under investigation, but are generally small. The corresponding relaxation shifts are large, but rather insensitive to the system at hand. The atom-in-jellium-vacancy model gives a good description as far as the deep core-level shifts are considered, which corroborates the role of the metal simply being a rather structureless reservoir of screening electrons. The relaxation shift 4, in the Auger process (when the chemical shift is defined for the neutral ground-state atom) is up to three times that for the XPS process, which indicates substantial nonlinearities in the response.
The "excited-atom" model has also been tested. %hen treated fully self-consistently, it gives a qualitatively correct description of the extra-atomic response and shifts when the unoccupied valence shell can accommodate the screening charge. However, it fails drastically when this is not the case, and, for example, predicts an incorrect increasing trend in the Auger shift in going from Ag to Te.
Extension of the present approach to dilute alloys (e.g. , 3d impurities in aluminium ') and impurity systems (e.g. , rare-gas implants in metals, 3~a nd the socalled charge-transfer insulators33) would seem worth considering.
